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a b s t r a c t
Liquid phase esteriﬁcation of succinic acid, acetic acid and succinic/acetic acid mixtures with ethanol was
studied using Amberlyst 70 strong cation exchange resin as catalyst. Batch isothermal reactions were performed at different ethanol:acid molar ratios (1:1–27:1), temperatures (343–393 K) and catalyst loadings
(1.0–9.3 wt% of solution). Esteriﬁcation kinetics is described using both pseudo-homogeneous mole fraction and NRTL-based activity based models that take ethanol dehydration to diethyl ether into account.
The models accurately predict the esteriﬁcation of individual acids, and a simple additive combination of
independent kinetic models provides a good description of mixed acid esteriﬁcation. The kinetic models
can be used in simulation of reactive distillation processes for mixed acid esteriﬁcation.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Among several carboxylic acids obtained by fermentation, succinic acid (1,4-butanedioic acid, herein succinic acid (SA)) has
been recognized as a renewable platform molecule for many
chemical derivatives of industrial interest [1–6]. Its potential
use as feedstock for 1,4-butanediol, tetrahydrofuran and ␥butyrolactone production opens the opportunity for a growing
and sustainable market of renewable polymers [7,8]. Because
SA is a common metabolite in many anaerobic and facultative
microorganisms, a number of promising fermentation processes
have been developed using bacteria isolated from gastrointestinal
systems in animals, including Anaerobiospirillum succiniciproducens (∼50 kg/m3 ), Actinobacillus succinogenes (94-106 kg/m3 ),
Mannheimia succiniciproducens (∼52 kg/m3 ), and Escherichia coli
(∼99 kg/m3 ) [9–12].
Two major challenges in SA fermentation are achieving high SA
titer (g/l) and avoiding loss of selectivity via byproduct formation.
In addition to cell growth and incomplete conversion, sugar substrate is lost via formation of signiﬁcant quantities of acetic, formic,
pyruvic, and lactic acids depending on the organism. Typical acid
concentrations found in SA fermentation broths are listed in Table 1.
According to recent studies, recovery of succinic acid from
these mixtures can be accomplished by esteriﬁcation with ethanol
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(EtOH). Succinate and other carboxylic acid salts can react directly
with EtOH using sulfuric acid as an acidulant and catalyst. A mixture
of free acid and esters in EtOH is produced, while sulfate salts are
removed by precipitation. The ethanolic solution is fed into a reactive distillation column for complete esteriﬁcation and selective
separation of esters [13].
Esteriﬁcation of SA proceeds sequentially through two reactions in series in the presence of an acid catalyst, with monoethyl
succinate (MES) as intermediate and diethyl succinate (DES) as
ﬁnal product (Fig. 1). Because of chemical equilibrium limitations
in esteriﬁcation and the low solubility of SA in ethanol (∼10%
by weight at 298 K), excess EtOH is required in reaction. Further,
achieving high rates and overcoming chemical equilibrium limitations requires continuous water (H2 O) removal, thus making
esteriﬁcation an attractive reaction system for reactive distillation
(RD). For esteriﬁcation of carboxylic acids, a single continuous RD
column can selectively separate either product water or ester from
the acid reactant as it is formed. In this way, even dilute acid solutions produced via fermentation [14–16] can be directly esteriﬁed
to obtain esters as high purity products.
In SA esteriﬁcation, it is not known whether the presence
of byproduct acids (Table 1) accelerates or inhibits SA conversion, or whether formation and recovery of byproduct acid esters
overcomplicates the recovery process. As part of our efforts to
develop RD strategies for succinic acid esteriﬁcation, we have carried out this study of esterifying mixtures of SA and acetic acid
(AcAc), the byproduct in greatest concentration in SA fermentation
(Table 1), with ethanol (EtOH) for the purpose of understanding
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Nomenclature
AcAc
aij
bij
Ci
CT
CSA
DEE
Deff
DSA
DES
dP
Ea,m
EtOH
EtAc
fABS
Gij
Ka,m
Kx,m
K,m
k0,m
MES
MW
Ni
NT
n
rm
†

rm
R
SA
t
T
V
VP
wCAT
xi

acetic acid
binary energy parameter in NRTL equation for pair
ij
binary parameter for NRTL equation for pair ij (K)
concentration of component i in the bulk phase
(kmol/m3 )
total molar concentration in liquid phase (kmol/m3 )
concentration of SA in the bulk phase (kmol/m3 )
diethyl ether
effective diffusivity of SA inside the catalyst pores
(m2 /s)
molecular diffusivity of SA in liquid phase (m2 /s)
diethyl succinate
catalytic particle diameter (m)
energy of activation of forward reaction m (kJ/kmol)
ethanol
ethyl acetate
sum of absolute differences (objective function in
regression)
binary parameter for NRTL equation for pair ij
equilibrium constant for reaction m, activity basis
equilibrium constant for reaction m, mole fraction
basis
activity coefﬁcient ratio for reaction m
pre-exponential factor of forward reaction m
(kmol/kgCAT s)
monoethyl succinate
molecular weight of component i (kg/kmol)
number of moles of component i (kmol)
total number of moles (kmol)
number of experimental samples
rate of reaction per volume of liquid in reaction m
(kmol/m3 s)
rate of reaction per mass of catalyst in reaction m
(kmol/kgCAT s)
ideal gas constant (kJ/mol K)
succinic acid
time (s)
temperature (K)
reaction volume (m3 )
catalytic particle volume (m3 )
catalyst loading (kgCAT /kg solution)
mole fraction of component i

Greek letters
˛ij
non-randomness parameter of NRTL equation
porosity of solid catalyst


Thiele modulus
activity coefﬁcient of component i
i
liquid
viscosity of liquid phase (cP)

effectiveness factor
CAT
density of the catalyst (kg/m3 )
density of the liquid solution (kg/m3 )
sol

tortuosity of solid catalyst
 ij
binary parameter of NRTL equation
 i,m
ratio of stoichiometric coefﬁcients of component i
to the reference component in reaction m
˚w
Weisz–Prater modulus
vi
stoichiometric coefﬁcient of component i
Subscripts and superscripts
absolute
ABS

Avg
EQ
dry
Calc
Exp
i
Obs
m
NC
Sol
swollen

99

average
equilibrium
dry state of the catalyst
calculated data
experimental data
component identiﬁcation
observed
reaction identiﬁcation
number of components
solution
swollen state of the catalyst

Table 1
Typical product concentrations in SA fermentation [12].
Component

Concentration (kg/m3 )

Succinic acid
Acetic acid
Pyruvic acid
Lactic acid
Formic acid

40–110
5–40
0–20
0–14
0–5

how AcAc affects SA esteriﬁcation under process-relevant
conditions.
In recent papers [17–19] it has been demonstrated that the
strong cation exchange resin Amberlyst 70® , a low cross linked
sulfonated and chlorinated styrene-divinylbenzene resin, showed
superior performance (e.g. higher turnover frequency) as an acid
catalyst relative to the more commonly used macroreticular ion
exchange resins (e.g. Amberlyst 15) that are only sulfonated. The
high temperature stability of Amberlyst 70 (up to 443 K in most
environments) [19,20] also makes it more attractive for use in
reactive distillation, where high reaction rates and thus elevated
temperatures are required for efﬁcient column operation [21,22].
While there are reports of SA [21,22] and AcAc [23–29] esteriﬁcation with EtOH using ion exchange resins, none have used
Amberlyst 70 as catalyst. We thus have measured and report here
the kinetics of AcAc and SA esteriﬁcation, both individually and
in mixtures, over Amberlyst 70 resin. In addition to ester formation, dehydration of EtOH to diethyl ether (DEE) occurs at elevated
temperatures, so we include it as an integral part of the kinetic
model. The kinetics of mixed acid esteriﬁcation, along with associated physical property and phase equilibrium data, are useful in
designing reactive distillation systems for fermentation-derived SA
esteriﬁcation.
2. Material and methods
2.1. Materials
Succinic acid (>99.5%, Sigma–Aldrich), acetic acid (99.9%,
Aristar), diethyl succinate (99.92%, Sigma–Aldrich), monoethyl succinate (89.3%, Sigma–Aldrich), ethyl acetate (HPLC grade, J.T. Baker),
ethanol (200 proof, Decon Labs), water (HPLC grade, J.T. Baker),
diethyl ether (99.9%, EMD chemicals) n-butanol (99.9%, Mallinckrodt), and acetonitrile (HPLC grade, EMD) were used without
further puriﬁcation for experiments and calibrations. Species purity
was conﬁrmed by gas chromatography; no impurities, other than
small amounts of water, were detected in appreciable concentrations. Hydranal-coulomat E solution (Riedel-de Haën) was used in
Karl–Fisher analysis for water measurement. Amberlyst 70® resin
was purchased from Dow Chemical Company; its physical and
chemical properties are listed in Table 2.
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Fig. 1. Reactions: esteriﬁcation of succinic acid (SA) to monoethyl succinate (MES) and diethyl succinate (DES); esteriﬁcation of acetic acid (AcAc) to ethyl acetate (EtAc);
dehydration of EtOH to diethyl ether (DEE).

Table 2
Physical and chemical properties of Amberlyst 70® [17–20].
Physical form
Ionic form
Acid equivalents (eq/kg dry solid)
Surface area (N2 – BET) (m2 /g)
Average pore diameter (Å)
Effective size – dry solid (mm)
Pore volume (m3 /kg)
Particle porosity
Uniformity coefﬁcient
Skeletal density (kg/m3 )
Swollen surface area (ISEC)a (m2 /g)
Swollen particle porosity (water) ()
Maximum operating temperature (K)
a

Dark spherical beads
H+
≥2.55
31–36
195–220
0.5
1.5–3.3 × 10−4
0.19
≤1.5
1520
176
0.57
463

ISEC = inverse steric exclusion chromatography [17].

2.2. Experimental procedures
2.2.1. Catalyst conditioning
As-received Amberlyst 70 resin contained a range of particle
sizes and was thus sieved in a series of US-standard sieves (Dual
Manufacturing Co.). The −45 + 60 mesh (0.25–0.35 mm diameter)
fraction was used in kinetic experiments unless otherwise speciﬁed. The resin was rinsed initially with water, followed by several
washing cycles with ethanol. After ﬁltration and removal of excess
liquid, the catalyst was dried at 353 K under vacuum (1 kPa) and
then stored in a sealed container in a vacuum oven prior to use.
The ion exchange capacity of dry Amberlyst 70 was measured
by titration with a 0.1 M solution of NaOH in water using phenolphthalein as the indicator. The acid site density, obtained as
the average of three measurements, was 2.35 ± 0.1 eq/kg, a value
slightly lower but in reasonable agreement with the value of
2.55 eq/kg reported by the manufacturer [20].
2.2.2. Batch kinetic experiments
Isothermal batch kinetic experiments were performed in a Parr
5000 Multireactor® system (Parr Instrument Co., Moline, Illinois)

that includes six 75 cm3 stainless steel reactors equipped with
magnetic stirrer, temperature control, and sampling system with a
stainless steel frit on the sampling tube to avoid withdrawal of catalyst. Ethanol, AcAc, and SA were placed into each reactor at room
temperature in predetermined molar ratios along with the speciﬁed quantity of catalyst; the total mass of reactants added was
typically 0.050 kg. After sealing each reactor, the stirring rate was
set at 900 rpm and heating was initiated. It typically took 15 min to
reach the desired reaction temperature; this moment was taken as
time zero (t = 0) of reaction. During reaction, 0.25–0.5 cm3 samples
were withdrawn with a syringe connected to a sampling port at
speciﬁed time intervals starting at t = 0, with a higher frequency of
sampling in the ﬁrst 2–3 h. Samples were transferred into hermetically sealed vials and stored in a refrigerator before analysis.
2.3. Analysis
Reaction samples were analyzed both by gas and liquid chromatography. For HPLC, samples were diluted 50-fold in water and
analyzed in a system consisting of a Waters® 717 autosampler, a
Waters® 410 refractive index detector, and a PerkinElmer LC90 UV
detector. A 100 mm × 7.6 mm Fast Acid analysis column (BioRad® )
at 298 K along with a mobile phase of 5 mM H2 SO4 in water ﬂowing at 1.0 ml/min was used for the separation. Because the retention
times of EtOH and MES were similar, only UV detection was used
to evaluate MES concentration.
To evaluate concentration of volatile components, samples were
diluted 20-fold into acetonitrile containing 5.0 wt% n-butanol as an
internal standard and analyzed on a gas chromatograph (HP 5890
Series II) equipped with thermal conductivity and ﬂame ionization
detectors. A 30 m long Alltech Aqua WAX-DA column (0.53 mm i.d.,
1.20 m ﬁlm thickness) was used with the following temperature
program: initial temperature 313 K for 3 min; ramp at 20 K/min
to 523 K, and hold at 523 K for 0.5 min. The GC injection port was
maintained at 543 K in a splitless mode, and detector temperature
was 523 K. Helium was used as carrier gas (0.25 cm3 /s) and liquid
injection volumes of 0.5 L were used.
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For both analyses, standard samples of known composition in
the range of interest were injected in triplicate to obtain calibration
curves repeatable to within ±0.5% by mass.
Karl–Fisher analysis (Aquacount coulometric titrator AQ-2100)
was used to measure water content in reagents and samples.
3. Results and discussion
A preliminary set of three experiments was carried out under
identical conditions (Catalyst loading = 0.011 kg/kg solution; mole
ratio EtOH:SA = 7.5:1; T = 353 K) to characterize repeatability of the
kinetic measurements. For samples taken at identical times in
the three experiments, the mean deviation in species concentration from the experimental average was approximately 4%. This
uncertainty can be largely attributed to measurement of succinate species concentrations below 1 wt% in solution. The complete
set of batch experiments carried out to characterize the reactions
involved in this study is given in Table S1: ethanol dehydration to
diethyl ether (DEE) was studied in Runs 1–11; SA esteriﬁcation was
examined in Runs 11–51; AcAc esteriﬁcation was evaluated in Runs
52–83; and ﬁnally mixed SA/AcAc esteriﬁcation experiments were
carried out in Runs 84–88. In these experiments, the Amberlyst 70
catalyst loadings used (0.5–9.3 wt%) correspond to the equivalent
acidity of 0.1–2.0 wt% H2 SO4 in solution.
3.1. Mass transfer considerations
Preliminary SA esteriﬁcation experiments in which agitation
speed was varied showed nearly identical conversion rates at all
speeds above 500 rpm, indicating that no external liquid-solid mass
transfer resistances are present. Evaluation of intraparticle mass
transfer effects is carried out by estimating the observable modulus
(˚w ) and invoking the Weisz–Prater criterion [31]. For a spherical
particle


˚w =

†
rObs



CAT (dP /6)

Deff CSA

2

(1)

†

here rObs is the observed rate of reaction per mass of catalyst, CAT
and dP are the catalyst particle density and diameter, respectively,
at reaction conditions (e.g., the swollen particle state in EtOH), Deff
is the effective diffusivity of SA in the catalyst, and CSA is the concen†
tration of SA in the bulk liquid. Reaction rate rObs can be calculated
as
†

rObs =

rObs
wCAT Sol

(2)

where rObs is the rate of reaction per unit volume of reacting phase
(liquid) obtained from the slope of the SA concentration vs. time
curve, wCAT is the mass of catalyst per mass of reacting phase, and
Sol is density of the reacting phase.
A simple measurement showed that the swelling ratio (swollen
volume VPswollen divided by dry volume VPdry ) of Amberlyst 70
catalyst was 2.0 in EtOH. Assuming homogeneous swelling of the
spherical particles, the actual particle diameter is calculated as



dP = dPdry ×

3

VPswollen
VPdry

(3)

Taking the average particle diameter of dry solids used in experiments as 0.30 mm, a swelled particle diameter of 0.37 mm is
obtained. Because liquid absorption gives Amberlyst 70 porosity similar to macroreticular resins [17–19], the swelled particle
density is assumed 1000 kg/m3 as reported previously for EtOH
absorption in Amberlyst 15 [30]. The effective diffusivity (Deff )
is estimated from the liquid-phase diffusion coefﬁcient (DSA )
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Table 3
Evaluation of mass transfer resistances at initial reaction conditions using the
Weisz–Prater criterion.
wCAT (kgCAT /kgsol )
Sol (kg/m3 )
CSA (solution) (kmol/m3 )
dPswollen (mm)
CAT (kg/m3 )
EtOH association factor for Wilke–Chang model
SA molar volume at TB (cm3 /mol)
Experiment Run #
T (K)
liquid (cP)
DSA (m2 /s)
Deff (m2 /s)
†
rm (kmol/kgCAT ) (1/s)
˚w



0.011
770
0.67
0.37
1000
1.5
83.58
26
353
0.56
2.7 × 10−9
8.9 × 10−10
2.0 × 10−5
0.13
0.37
0.95

28
379
0.39
4.2 × 10−9
1.36 × 10−9
3.7 × 10−5
0.17
0.42
0.94

computed via the Wilke–Chang equation and by assuming pore tortuosity () is the inverse of particle porosity (ε) [30]. The effective
diffusivity of SA is thus given by
Deff = DSA

ε


= DSA ε2

(4)

The Thiele modulus () and effectiveness factor () for SA esteriﬁcation can be calculated from the observable modulus if it is
assumed the reaction is pseudo-ﬁrst order in SA because of the
large excess of EtOH present.
˚w = 2

(5)

where
=

tanh 


(6)

Values of ˚w calculated for an initial EtOH:SA molar ratio of
22:1 (xSA = 0.042) and at two temperatures are presented in Table 3.
From these values, the ﬁrst-order effectiveness factor for each of
these experiments is ∼0.95, indicating that internal mass transfer
resistances play a minor role in SA esteriﬁcation [31]. Similar calculations likewise indicate minimal inﬂuence of diffusion in AcAc
esteriﬁcation and dehydration of EtOH to DEE.
To further investigate intraparticle mass transfer, Amberlyst 70
catalyst was sieved into three fractions. First, particles larger than
35 mesh (>500 m) were collected in the sieve tray. Smaller particles were ground and collected in two additional fractions: the
−35 + 60 mesh fraction (250–500 m) and a −100 mesh fraction
(<150 m). Ion exchange capacity was measured in each fraction;
no change in acidity was observed as a result of the grinding process.
Esteriﬁcation experiments were run at identical conditions with
the three different Amberlyst 70 catalyst particle sizes. Results
are presented in Fig. 2; no difference in the rate of reaction was
observed for the different catalyst particle sizes at these conditions.
3.2. Reaction equilibrium constants
Equilibrium constants for the esteriﬁcation reactions were measured by running experiments for long time periods (>23 h). The
equilibrium constants (Ka,m ) for each reaction were calculated
using the experimental mole fractions and liquid-phase activity
coefﬁcients at equilibrium of each of the NC components of the
reaction:
Ka,m = Kx,m K,m =

NC


i
(xi i )vEQ

i=1

(7)
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Fig. 2. Esteriﬁcation of SA with EtOH over different particle sizes of Amberlyst
70: (䊉) dP < 150 m; () 250 m < dP < 590 m; () dP > 590 m. wCAT = 0.044; mole
ratio EtOH:SA = 7.5:1; T = 353 K.

0.0029

b

3

Ln Ka

here xi ,  i and vi are the mole fraction, activity coefﬁcient, and
stoichiometric coefﬁcient of component i in the reactive mixture,
respectively. The ratio of activity coefﬁcients K,m accounts for deviations from ideal behavior of the mixture. At 383 K, the irreversible
formation of diethyl ether (DEE) precluded establishment of a clear
equilibrium condition, so experiments at this temperature were not
included in equilibrium constant calculations.
The NRTL equation was used to evaluate activity coefﬁcients of
components in the reaction mixture because of its ability to simultaneously represent vapor–liquid, liquid–liquid, and solid–liquid
equilibria [32–38]. Some binary interaction parameters in the NRTL
model were obtained from literature or from the AspenPlus (Version 7.1, AspenTech, Inc.) database [33,34]; others were determined
by vapor–liquid equilibrium and liquid–liquid equilibrium measurements in our laboratory [35–38]. Parameters for H2 O–DEE,
EtOH–DEE, AA–DEE and EtAc–DEE were regressed from reported
vapor–liquid and liquid–liquid phase equilibria data using the
regression tool in AspenPlus [33]. Plots of binary and ternary phase
equilibrium data, along with ﬁtted predictions, are presented in
Fig. S1 of the Supplementary Material. The list of binary interaction
parameters used in calculation of activity coefﬁcients is presented
in Table S2 of the Supplementary material.
The experimental values of mole fraction- and activity-based
equilibrium constants for SA and AcAc esteriﬁcation are presented
in a Van’t Hoff plot in Fig. 3. The values agree with those reported
in the literature under similar conditions [21,22,27,34] as seen
in Figure 3 for acetic acid esteriﬁcation. The difference between
activity- and mole fraction-based equilibrium constants reﬂects
the signiﬁcant non-ideality of the system (K ∼ 4–7). From these
data, optimum values of equilibrium constants for each reaction
were determined by linear regression and are reported in Table 4.
As seen in Fig. 3a, there is little dependence of the SA esteriﬁcation equilibrium constants on temperature, so the heats of
reaction can be taken as zero. Fig. 3b suggests that the activitybased equilibrium constant for ethyl acetate formation decreases
with increasing temperature. From the slope of ln(Ka ) vs. 1/T (dotted line in Fig. 3), the estimated heat of reaction for ethyl acetate
formation is −13.8 kJ/mol, a value consistent with that obtained
for the reaction over similar catalysts [26,28]. However, for the
kinetic model of acetic acid esteriﬁcation we did not include this
temperature dependence but instead used an average value of the
equilibrium constant reported in Table 4.
Table 4 also includes the 95% conﬁdence intervals for the equilibrium constants. The conﬁdence intervals were determined in
a ﬁnal, simultaneous regression analysis of all kinetic and equilibrium constants using the Nlpredci in Matlab 7.12.0, taking the

4

0.0027
1/T (K-1)

2
1
0
0.0025

0.003

1/T (K-1)

0.0035

Fig. 3. Mole fraction- (gray) and activity- (black) based esteriﬁcation equilibrium
constants from experimental data. (a) Succinic acid esteriﬁcation: (䊉, ) K1 : (+,
) K2 (reported values for mole fraction are ln(Kx,1 ) = 1.66 and ln(Kx,2 ) = 0.182 [21])
(b) acetic acid esteriﬁcation: (, ) this work; (♦) Darlington et al. [22]; () Hangx
et al. [26]; () Tang et al. [34].

Table 4
Optimized parameters with 95% conﬁdence intervals for pseudo-homogeneous
kinetic models.
Parameter

Mole fraction

SA esteriﬁcation
ka,1 (kmol/kgCAT /s)
Ea,1 (kJ/kmol)
Ka,1
ka,2 (kmol/kgCAT ) (1/s)
Ea,2 (kJ/kmol)
Ka,2

2870
51,100
9.0
161,000
67700
1.3

±
±
±
±
±
±

260
200
0.1
11,000
300
0.1

Activity
2540
67,700
34.7
37,000
63,000
10.2

±
±
±
±
±
±

250
200
0.2
12,000
1100
0.6

AcAc esteriﬁcation
ka,3 (kmol/kgCAT ) (1/s)
Ea,3 (kJ/kmol)
Ka,3

12,500 ± 200
56,700 ± 200
3.0 ± 0.1

3660 ± 40
52,300 ± 200
12.5 ± 0.1

EtOH dehydration
ka,4 (kmol/kgCAT ) (1/s)
Ea,4 (kJ/kmol)

340 ± 329
78,400 ± 3200

185 ± 188
76,600 ± 3400

values in Table 4 as initial estimates. The ﬁnal regressed values
were the same as those determined from Fig. 3.
The scatter in the equilibrium constants seen in Fig. 3 is
attributed primarily to analytical uncertainty, because calculation of the equilibrium constant requires values for all species
concentrations that typically must be determined by several
different means. Uncertainty in the equilibrium constant was
greater at large excess of EtOH, where nearly complete SA or

a

3

0.6
0.4
0.2
0

0.02

0

dxi
1
=
CT
dt

0.08

0.1

b

i,m rm

V

(8)

m=1



m

i,m rm

MWAvg
Sol

=

m=1

 −E

a,1

i,m rm

(9)

m=1



(xMES MES )(xH2 O H2 O )
Ka,1

(10)

Using the same approach for the second step of SA esteriﬁcation
(Fig. 1), the rate of formation of DES is described by
r2 = wCAT Sol k0,2 exp

 −E

a,2



RT

× (xSA SA )(xEtOH EtOH ) −

(xMES MES )(xH2 O H2 O )
Ka,2

(11)

here k0,m and Ea,m represent the pre-exponential factor and the
energy of activation of the forward reaction m, respectively. The
equilibrium constant of reaction m, Ka,m , is the ratio of forward and
reverse rate constants. Similarly, the rate of AcAc esteriﬁcation with
EtOH can be expressed as
r3 = wCAT Sol k0,3 exp

 −E

a,3

3

0
0

0.015

0.03

0.045

w CAT (kg cat / kg sol)
Fig. 4. Initial reaction rate at different catalyst loadings. (a) SA esteriﬁcation at
T = 353 K, EtOH:SA = 23:1. (䊉) r1 ; () r2 . (b) () AcAc esteriﬁcation (r3 ) at T = 353 K,
EtOH:AcAc = 7.5:1; () EtOH dehydration to DEE (r4 ) at T = 393 K.

Considering that EtOH dehydration is irreversible, the rate of
DEE formation can be expressed as
r4 = wCAT Sol k0,4 exp

 −E

a,4

RT



[(xEtOH EtOH )2 ]

(13)

3.4. Determination of rate constants

RT

× (xSA SA )(xEtOH EtOH ) −

6

m

Preliminary experiments conﬁrmed that rates of reaction are
linearly dependent on the catalyst loading (wCAT ) (Fig. 4); this is
further evidence of the intrinsic nature of the reaction rate data
collected.
Using a pseudo-homogeneous model for the reversible esteriﬁcation reactions, the rate of reaction of SA with EtOH can be
expressed as
r1 = wCAT Sol k0,1 exp

3

3

m

here NT is the total number of moles in the reactor, V is the reaction
volume, rm is the rate of reaction m per unit volume, and xi is the
mole fraction of component i in the liquid mixture. The parameter
 i,m is the ratio of stoichiometric coefﬁcients of component i with
respect to the reference component in reaction m.
Eq. (8) can be expressed in terms of total molar concentration in
the liquid phase CT (V/NT = 1/CT ) calculated from average molecular
weight (MWAvg ) and the density of the solution.



0.06

9

r x 10 (kmol/m s)

In a batch reactor, the change in number of moles Ni of component i participating in m reactions can be expressed as
dNi
dx
= NT i =
dt
dt

0.04

w CAT (kg cat / kg sol)

3.3. Kinetic model description
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3

AcAc conversion was obtained and low concentrations of residual
acids were difﬁcult to accurately measure. Further, a prior study
of esteriﬁcation equilibrium over ion exchange resin catalysts
[22] reports that selective absorption of reacting components
inside the catalyst particles changes the bulk liquid concentration
and thus the value of the calculated equilibrium constant. This
would affect the mole fraction-based calculation but not the
activity-based equilibrium constant, as activity at equilibrium will
be the same inside and outside of the catalyst particles. But despite
the scatter in experimental values, the 95% conﬁdence intervals
for the equilibrium constants in Table 4 are a small percentage of
the constant’s value because of the large number of data points
collected at near equilibrium conditions during experiments.

r x 10 (kmol/m s)

A. Orjuela et al. / Chemical Engineering Journal 188 (2012) 98–107



RT

× (xAcAc AcAc )(xEtOH EtOH ) −

(xEtAc EtAc )(xH2 O H2 O )
Ka,3

(12)

Substituting Eqs. (10)–(13) into Eq. (9) for each component gives
a set of ordinary differential equations to be solved simultaneously
as a mixed acid esteriﬁcation model. Two forms of this model were
ﬁt to the experimental data: the ﬁrst activity-based, with activity coefﬁcients in all rate expressions, and the second a simpliﬁed
mole fraction form generated by setting all activity coefﬁcients in
Eqs. (10)–(13) equal to 1.0. As previously mentioned, esteriﬁcation mixtures are non-ideal and activity coefﬁcients can change
drastically with composition during reaction (e.g. transition from a
homogeneous to a multiphase system), so the activity-based model
is warranted for this system. The mole fraction-based model, while
not rigorous in its depiction of the physical system, is included
because it is readily applied and useful for preliminary design.
In the complete mixed SA + AcAc esteriﬁcation model with DEE
formation, there are 11 possible adjustable parameters: four preexponential factors, four activation energies, and three equilibrium
constants. To simplify the parameter ﬁtting and ultimately investigate interdependence of the reactions, the kinetic constants for
EtOH dehydration to DEE (Runs 1–11) were ﬁrst regressed (Table 4).
Using these values and values of the equilibrium constants determined by earlier regression of equilibrium data (Table 4), the kinetic
parameters for SA esteriﬁcation (Runs 12–51) and AcAc esteriﬁcation (Runs 52–83) were then determined in separate regressions.

A. Orjuela et al. / Chemical Engineering Journal 188 (2012) 98–107

0.18

0.12

1

0.2

0.9

0.1

0.02

500

time (min)

750

3000

Because many of the experiments performed on the individual
acids reached chemical equilibrium relatively quickly, only those
Runs for each acid that had two or more data points in the kinetic
regime (e.g. apart from equilibrium) were used in the regression.
These runs are identiﬁed in Table S3.
Using the designated kinetic experiments, rate constant parameters for each reaction were determined by numerically integrating
Eq. (9) for each component via a fourth order Runge–Kutta method
using the differential equation solver ode23 in Matlab 7.12.0.
Optimization of kinetic parameters was performed using Nlinﬁt
in Matlab 7.12.0 by minimizing the sum of absolute differences
between experimental (xi−Exp ) and calculated (xi−Calc ) species mole
fractions via the objective function given in Eq. (14).
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Fig. 5. Experimental and predicted mole fraction proﬁles in DEE formation. ()
Run 1: T = 363 K, wCAT = 0.08; () Run 3: T = 388 K, wCAT = 0.081; () Run 4: T = 403 K,
wCAT = 0.08; (䊉) Run 5: T = 363 K, wCAT = 0.16; () Run 7: T = 388 K, wCAT = 0.16.
) Activity based model; (
) mole fraction model.
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In the application of Eq. (14) to the kinetic parameter regression analysis, n is the number of experimental samples withdrawn
from batch reactors in all experiments regressed for each reaction
system, and NC is the number of components considered in each
sample. For EtOH etheriﬁcation and AcAc esteriﬁcation, all components present were considered in Eq. (8); for SA esteriﬁcation only
the succinate species (SA, MES, DES) were considered.
Final optimized kinetic parameters for Eqs. (10)–(13) along with
their 95% conﬁdence intervals, are listed in Table 4. From the optimized constants, the sum of absolute differences fABS for each
model was calculated using Eq. (14); values of fABS for each experiment are given in Table S3 in the Supplementary information.
3.5. Model comparison with experiment
The kinetic parameters presented in Table 4 agree with those
reported for similar catalysts in the literature [21,26–28,34]. Overall, good agreement between model and experimental kinetics is
observed at different conditions for simultaneous esteriﬁcation and
etheriﬁcation.
For EtOH dehydration, both mole fraction and activity-based
models predict DEE formation reasonably well (Fig. 5). Only one
activity-based predicted proﬁle is presented in Fig. 5 because all
others overlap those of the mole fraction model. Experiments at
high temperatures (>393 K), high loadings of catalyst (wCAT > 0.04)
and long reaction time (>500 min) showed signiﬁcant formation of
DEE. At these conditions, ﬂashing of liquid during sampling was
observed; this ﬂashing and the resulting change in liquid composition may explain deviation of the model ﬁt from experiment at
the most extreme conditions. The large 95% conﬁdence intervals for
EtOH dehydration (Table 4) are a consequence of these deviations

Fig. 6. Experimental and predicted mole fraction proﬁles in SA esteriﬁcation. () SA;
) activity based model; (
() DES; () MES; () EtOH; (䊉) H2 O; (+) DEE; (
) mole fraction model. (a) Run 27: T = 379 K, wCAT = 0.087, molar ratio EtOH:SA = 12.5.
(b) Run 33: T = 365 K, wCAT = 0.022, EtOH:SA = 7.49. (c) Run 37: T = 343 K, wCAT = 0.011,
EtOH:SA = 22.8.

of model from experiment at extreme conditions, of the relatively
small set of data collected for EtOH dehydration kinetics, and of the
so-called “compensation effect,” where simultaneously changing
pre-exponential factor and activation energy can give essentially
the same rate constant over a relatively narrow range of temperatures.
For esteriﬁcation, experimental results from Runs 27, 33 and
37 for succinic acid and Runs 53, 61 and 78 for acetic acid
are presented and compared with kinetic model predictions in
Figs. 6 and 7, respectively. Additional kinetic proﬁles are presented
in the Supplementary information. Again, the activity-based kinetic
model predictions overlap the proﬁles obtained from the mole
fraction model, so only one set is shown. In general, excess EtOH
and high loadings of catalyst (wCAT > 0.01) give nearly complete
conversion of SA after 2 h of reaction. This time is even shorter
at temperatures above 373 K. However, signiﬁcant quantities of
DEE are produced at high temperature. This is clearly observed in
Fig. 6a (Run 27), where SA esteriﬁcation in a large excess of EtOH
approaches equilibrium in less than 1 hour, but irreversible diethyl
ether (DEE) formation continues to produce additional DEE and
eventually shifts the mixture composition from equilibrium. Thus
EtOH dehydration to DEE limits the maximum temperature that
can be used for ethanol esteriﬁcation reactions.
The values of the 95% conﬁdence intervals in Table 4 are all
relatively small percentages of the values of the rate constants,
reﬂecting both a good ﬁt of the experimental data and a large
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Fig. 7. Experimental and predicted mole fraction proﬁles in AcAc esteriﬁcation.
) activity based
( ) AcAc; ( ) EtAc; () EtOH; (䊉) H2 O; (+) DEE; (
) mole fraction model. (a) Run 53: T = 353 K, wCAT = 0.021, molar ratio
model; (
EtOH:AcAc = 2.02. (b) Run 61: T = 363 K, wCAT = 0.021, mole ratio EtOH:AcAc = 1.98.
(c) Run 78: T = 383 K, wCAT = 0.011, mole ratio EtOH:AcAc = 4.29.

number of data points. Based on these conﬁdence intervals, we
can say that the kinetic constants in Table 4 represent the values
that best describe esteriﬁcation over Amberlyst 70.
The necessity of using a large excess of EtOH in experiments, and
the resultant errors arising from analytical uncertainty at the low
values of mole fraction for some species, is a consequence of the low
solubility of SA (∼10 wt% or 23:1 EtOH:SA at 298 K) in alcohol. We
ran experiments at higher SA initial concentrations, but the slow
dissolution rate and limited solubility of SA at low temperature
resulted in undissolved SA in the reactor after reaction started. This
led to incomplete closure of the mass balance and a poor ﬁt of the
kinetic data at short reaction times. Thus, sampling of experiments
with higher SA concentrations was limited to at least 30 min after
reaching reaction temperature; no attempt was made to capture
the early kinetic behavior of these esteriﬁcation reactions. Characterizing such early reaction behavior would require handling a
predissolved, heated feed solution under pressure, a scenario that
we were not prepared to undertake.
Based on a catalyst acid site density of 2.35 meq/g, the initial
turnover number for SA esteriﬁcation over Amberlyst 70 at 353 K
and 7.5:1 EtOH:SA molar ratio is 69 h−1 . At the same conditions, we
have found that more commonly used Amberlyst 15 macroreticular
resin has a turnover frequency of 48 h−1 . These results agree with
the higher acid strength and higher turnover numbers reported for
sulfonic groups in chlorinated resins such as Amberlyst 70 [19,39]
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Fig. 8. Experimental and predicted mole fraction proﬁles in mixed SA/AcAc esteriﬁcation. ( ) AcAc; ( ) EtAc; () SA; () DES; () MES; () EtOH; (䊉) H2 O; (+) DEE.
) activity based model; (
) mole fraction model. (a) Run 84: T = 363 K,
(
wCAT = 0.011, mole ratio EtOH:SA = 11.1 and SA:AcAc = 2.2. (b) Run 86: T = 373 K,
wCAT = 0.013, mole ratio EtOH:SA = 17.3 and SA:AcAc = 0.62. (c) Run 88: T = 363 K,
wCAT = 0.022, mole ratio EtOH:SA = 21.1 and SA:AcAc = 5.3.

and are consistent with higher accessibility (e.g. higher effective
diffusivity of reactants) to actives sites in a swelled gel-type structure compared with a macroreticular resin [19].
3.6. Mixed acid esteriﬁcation
Using the kinetic parameters determined in individual SA and
AcAc esteriﬁcation reactions (Table 4), the modeling of mixed SA
and AcAc esteriﬁcation was performed by integrating Eq. (9) for
each species in the mixture. The sum of absolute differences fABS
(Eq. (14)) was calculated and is presented in Table S3 of the Supplementary information. Larger values of fABS are observed in mixed
acid esteriﬁcation than in AcAc or SA esteriﬁcation alone, again
because the large excess of EtOH used in these experiments gave
low initial mole fraction values of acids that declined rapidly as
near-complete conversion of both SA and AcAc was achieved. At
these conditions, uncertainty in analytical measurements is signiﬁcant. Nevertheless, the model predicts mixed acid esteriﬁcation
reasonably well, as shown in the kinetic proﬁles presented in Fig. 8.
Because the simple combination of individual esteriﬁcation
reactions reasonably predicts the mixed acid results, it is apparent that the esteriﬁcation reactions proceed without competition
for catalyst active sites among the acid species. In other esteriﬁcation studies, a Langmuir–Hinshelwood type expression has often
been invoked to describe rate [40,41]. It is clear here that the catalyst active sites are not occupied to a signiﬁcant degree by either SA
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or AcAc, probably because of the large excess of EtOH, and possibly
the fact that the ﬁrst step of esteriﬁcation is often considered to
be protonation of the alcohol by the acid catalyst. Considering that
excess EtOH is required to dissolve SA under any conditions, the
conditions used in this study will hold at most industrial processing
conditions.
The kinetic model obtained here has recently proven successful
in the design of a reactive distillation for mixed acid esteriﬁcation
of SA and AcAc with EtOH [42]. Despite recent advances in fermentation that produce SA with high selectivity, other acids can
be present for downstream esteriﬁcation, and this model provides
insight into their effect on SA esteriﬁcation.
4. Conclusions
Mixed acid esteriﬁcation of SA and AcOH with EtOH was studied
using Amberlyst 70 as catalyst. This sulfonic resin showed higher
activity as an esteriﬁcation catalyst than traditional Amberlyst 15,
and is better-suited for high temperature use than Amberlyst 15
because of its higher thermal stability. A theoretical and experimental study of intraparticle mass transfer revealed only minor
mass transfer resistances at reaction conditions. By performing
experiments under different conditions, kinetic models for esteriﬁcation of SA with EtOH, AcOH with EtOH and etheriﬁcation of
EtOH to DEE were obtained. A linear combination of these individual kinetic models (activity- or mole fraction-based) reproduces
experimental data obtained in mixed SA and AcAc esteriﬁcation
with EtOH. This result indicates that mixed acid esteriﬁcation
occurs without competition by acid species for catalyst active sites,
and shows that simple, pseudo-homogeneous second order rate
expressions are able to describe esteriﬁcation reaction kinetics reasonably well. The kinetic model described here can be used to
design reactive distillation systems for mixed acid esteriﬁcation of
SA and AcAc.
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